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Physical activity has profound impacts on the vasculature in humans. Acute exercise induces
immediate changes in artery function, whereas repeated episodic bouts of exercise induce
chronic functional adaptation and, ultimately, structural arterial remodeling. The nature of
these changes in function and structure are dependent on the characteristics of the training
load and may be modulated by other factors such as exercise-induced inflammation and
oxidative stress. The clinical implications of these physiological adaptations are profound.
Exercise impacts on the development of atherosclerosis and on the incidence of primary and
secondary cardiovascular events, including myocardial infarction and stroke. Exercise also
plays a role in the amelioration of other chronic diseases that possess a vascular etiology,
including diabetes and dementia. The mechanisms responsible for these effects of exercise
on the vasculature are both primary and secondary in nature, in that the benefits conferred
by changes in cardiovascular risk factors such as lipid profiles and blood pressure occur in
concert with direct effects of arterial shear stress and mechanotransduction. From an evolu-
tionary perspective, exercise is an essential stimulus for the maintenance of vascular health:
exercise is vascular medicine.
RELEVANCE OF THE VASCULAR IMPACTS
OF EXERCISE
Being physically active decreases the risk ofacute myocardial infarction and ischemic
stroke, two leading global causes of death, mor-
bidity, and health care cost (Paffenbarger et al.
1986; Manson et al. 1999). Despite research into
the clinical benefits of exercise being a “blind
spot,” with clear evidence of a bias toward
the assessment of drug interventions (Naci and
Ioannidis 2013), a recent comparative analysis
suggested that the impact of exercise onmortality
approximates that associated with the use of car-
diovascular (CV)medications (Naci and Ioanni-
dis2013).Theexceptionwasstrokerehabilitation,
in which the exercise benefit was superior.
In the context of secondary prevention,
studies performed in the contemporary era
of clinical management indicate that exercise-
based cardiac rehabilitation reduces hospitaliza-
tion and CV mortality and improves health-re-
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lated quality of life (Anderson et al. 2016). The
risk reduction did not differ between programs
involving exercise alone, versus “comprehen-
sive” cardiac rehabilitation (i.e., rehab involving
exercise plus lifestyle advice, dietary interven-
tions, etc.), suggesting that exercise is a key re-
habilitative component. However, exercise-
based cardiac rehabilitation may not reduce
the risk of repeat myocardial infarction or the
need for revascularization (Anderson et al.
2016), raising questions regarding the mecha-
nisms responsible for the beneficial impacts of
exercise.
Ultimately, the clinical role of exercise as
a therapy in the treatment of CV diseases re-
volves around the question of whether it pro-
duces benefits that add to those associated with
contemporary prevention and management
strategies. For example, is it worth the trouble
and expense of adding exercise-based therapy to
drug and revascularization approaches (Ham-
brecht et al. 2004)? From a physiological per-
spective, some insight into this question can be
gained from considering the direct and indirect
effects of exercise on arterial function and struc-
ture in humans.
Exercise Effects on the Vasculature: Primary
and Secondary Benefits
Due to the predominance of the risk-factor par-
adigm in prevention of CV diseases, historical
emphasis was placed on the effects of exercise
interventions on blood pressure, lipids, insulin
resistance, smoking cessation, and obesity
(Thompson et al. 2003). That is, the focus was
predominantly on “surrogate” endpoints rather
than directly on the end organs, the arteries per
se. These indirect, or “secondary,” benefits of
exercise are real and important, but generally
not as great as the impact of drug therapies for
each individual CV risk factor. Nonetheless, ex-
ercise modifies multiple risk factors and in this
sense it is a “polypill,” capable of addressing
the consequences of adverse behaviors that re-
inforce a mismatch between our genetic back-
ground andmodernWestern “lifestyles” (Booth
et al. 2002). Indeed, the impacts of exercise on
CV risk reduction exceed those directly attrib-
utable to effects on traditional CV risk factors
(Mora et al. 2007). A “risk-factor gap” therefore
exists in accounting for the beneficial impacts of
exercise in humans (Green et al. 2008).
Several mechanistic explanations exist for
the missing risk reduction, including impacts
on novel risk factors and those that are not easily
quantified, such as autonomic nervous system
function (Joyner and Green 2009). Another
prominent possibility is that exercise has direct,
or “primary,” mechanical effects on the arteries
by virtue of repetitive exposure to increases in
blood pressure, blood flow, and arterial shear
stress that occur during each exercise bout
(Fig. 1) (Green et al. 2017). Exercise induces
adaptations in the vessel wall that are anti-
atherogenic (Green et al. 2008; Joyner and
Green 2009), including effects on endothelial
and smooth muscle cell function, along with
structural remodeling of the arteries. This brief
review will focus on the impact of exercise and
physical activity on adaptations in the function
and structure of arteries. Although much valu-
able insight into mechanisms has been derived
from animal studies of vascular adaptation (see,
especially, Jasperse and Laughlin 2006), this
review focuses on human techniques and exper-
imental data to emphasize the translational rel-
evance to CV diseases.
EARLY STUDIES OF THE IMPACT OF
EXERCISE TRAINING ON THE
VASCULATURE: THE CONTRIBUTIONS OF
PLETHYSMOGRAPHY
Prior to the development of imaging approach-
es that assess large artery diameter and Doppler
measures of blood flow velocity, the most com-
mon method used to assess vascular function
and structure in humans was plethysmography
(Joyner et al. 2001). The principle of this tech-
nique, based on Harvey’s proofs of the circula-
tion, is that inflation of a blood pressure cuff
on a limb (e.g., upper arm or thigh) to a mod-
est pressure (40–50 mmHg) collapses the col-
lecting veins and induces limb swelling, which
can be quantified as a volume change. Older
water-displacement methods were superseded
by circumferential attachment of silastic bands
D.J. Green and K.J. Smith
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filled with mercury or gallium/indium,
through which an electric current was trans-
mitted (Whitney 1953). The rate of stretching
of the bands during cuff inflation modifies im-
pedance, from which the rate of change in di-
ameter, cross-sectional area, and volume of the
limb can be mathematically derived. In the era
of magnetic resonance, computed tomography,
and high-resolution ultrasound, this technique
may seem indirect, but important observations
regarding the impacts of exercise on the vascu-
lature were made throughout the 20th century
using strain-gauge methodology (Joyner et al.
2001).
Impacts of Exercise on Resistance and
Conduit Artery Remodeling: Arterial Lumenal
Expansion
Early plethysmographic studies focused on ex-
ercise training effects on resistance vessel adap-
tation (Sinoway et al. 1987; Snell et al. 1987;
Silber et al. 1991; Green et al. 1994). One
approach was to induce maximal limb dilation
using prolonged cuff occlusion or a combina-
tion of ischemia and exercise. Given that such
stimuli induce peak reactive hyperemic blood
flow responses (Folkow 1978; Naylor et al.
2005), increases with training infer remodeling
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Figure 1.Hemodynamic stimuli and their effects on vascular function and adaptation. (From Green et al. 2017;
adapted, with permission.)
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of the resistance vessels. Such remodeling might
include exercise-induced angiogenic growth in
the number of capillaries and small arterioles
(Andersen and Henriksson 1977; Brown 2003),
but more likely reflects outward circumferential
remodeling of larger arterioles and feed arteries,
which are principally responsible for the control
of vascular resistance (Sinoway et al. 1987; Snell
et al. 1987; Silber et al. 1991; Segal 1992; Green
et al. 1994). These larger arterioles, which rep-
resent the primary sites of resistance to large
increases in flow, do not increase in number
with training, rather their lumenal dimensions
expand. Studies that compared exercise-trained
versus -untrained limbs, within-subjects (e.g.,
tennis, squash players) (Sinoway et al. 1986;
Green et al. 1996; Rowley et al. 2011), as well
as studies that followed individuals before and
after handgrip or leg exercise programs (Sino-
way et al. 1987; Snell et al. 1987; Green et al.
1994), typically showed increases in peak reac-
tive hyperemic blood flows. These data provide
the foundation for the now well-established
concept that exercise training is associated
with outward structural remodeling of resis-
tance arterioles and feed arteries in humans
(Green et al. 2004).
Further support for the idea that exercise
induces arterial enlargement emerged from
studies performed later, using imaging ap-
proaches. Such studies showed that conduit
arteries increase in size as a result of exercise
training (Dinenno et al. 2001; Spence et al.
2013). Other studies showed that prolonged in-
activity is associated with the corollary, inward
remodeling (Green et al. 1997; Huonker et al.
2003; Thijssen et al. 2012b). The observation
that preferred limb vessels are larger than those
in nonpreferred limbs, for example, in racquet
sportsmen (Rowley et al. 2011, 2012), inferred
that a localized mechanism such as repetitive
increases in blood flow and shear stress might
contribute as a stimulus to remodeling. This
does not preclude the possibility of generalized
vascular remodeling, for example, in the upper
limbs as a result of predominantly lower limb
training (Birk et al. 2012): lower limb exercise
alters blood flows and shear stress in inactive
vessel beds such as the upper limbs (Green
et al. 2002a,b), although qualitative and quan-
titative differences exist between localized and
systemic effects of exercise in terms of arterial
hemodynamics (Green et al. 2005). The volume
of exercise required to induce systemic adapta-
tion may therefore be greater than that required
to induce localized changes in vessels feeding
the working musculature.
The importance of using a stimulus to
reveal structural adaptation in these studies
was emphasized by the finding that basal or
resting blood flows and arterial diameters are
rarelymodified after training, despite consistent
evidence that peak reactive hyperemic measures
of arterial capacity are enhanced. This finding
reinforces the fact that there are a multitude of
factors that control arterial tone and it may be
that adaptations in arterial “capacity” are only
apparent in the absence of such competing
influence: building a bigger engine does not
necessarily mean that it will idle at a higher
rate (Green et al. 2004; Sugawara et al. 2007).
The studies described above, which directly
addressed the question of structural enlarge-
ment of conduit and resistance arteries in re-
sponse to exercise training, reinforced much
earlier case reports or observational evidence
that regular exercise enhanced the size of coro-
nary vessels (Currens and White 1961; Mann
et al. 1964). It is also important to emphasize
that the in vivo human experiments presented
above, which relate to the impacts of exercise on
the vasculature, are strongly supported by ani-
mal data. Classic studies have established that
repeated increases in blood flow and shear stress
induce remodeling of arteries and that such re-
sponses are dependent on the presence of an
intact and functional endothelial layer (see be-
low) (Langille and O’Donnell 1986; Tronc et al.
1996; Rudic et al. 1998; Tuttle et al. 2001).
Impacts of Exercise on Resistance and
Conduit Artery Remodeling: Arterial Wall
Thickness
In the 1950s, Folkow applied the principle that
reduction in peak reactive hyperemic blood flow
responses, for example, in patients with “essen-
tial” hypertension, reflects global increases in
D.J. Green and K.J. Smith
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the wall thickness of resistance arterioles in
humans (Folkow et al. 1958). He concluded
that such increases and concomitant increases
in wall-to-lumen ratios contribute to the raised
peripheral resistance that characterizes primary
hypertension (Folkow 1978). The well-estab-
lished increases in peak reactive hyperemia
that result from training (outlined above) may,
at least in part, be caused by resetting of the
wall:lumen ratio. While it is not currently
possible to image smaller resistance vessels in
humans to confirm Folkow’s important ideas
regarding the role for wall thickness in pressure
regulation, or the impacts of exercise, evolving
ultra-high-resolution imaging techniques hold
some promise that this will be possible in the
future (Carter et al. 2016).
In larger conduit arteries, it is possible to
assess wall thickness, although such measures
lie close to the limit of current imaging capa-
bility. High-resolution ultrasound has been
widely adopted to assess carotid artery wall
thickness, and this has been used as a surrogate
for atherosclerosis and is related to CV end-
points. Studies assessing wall thickness in large
arteries in response to exercise training have
recently emerged and several suggest that
changes in the wall:lumen ratio occur with
training (Maiorana et al. 2011; Thijssen et al.
2012a; Spence et al. 2013). This may be a con-
sequence of structural remodeling of the wall
but it is also apparent that acute changes in
smooth muscle contractile state are associated
with changes in wall thickness in vivo (Thijssen
et al. 2011b), so the effects of training on arte-
rial function may also contribute to the appar-
ent change in wall thickness. Further studies
and improved imaging techniques are needed
to address the extent to which exercise training
remodels large and small artery wall thickness
in humans.
STUDIES OF EXERCISE TRAINING IMPACTS
ON ARTERY FUNCTION
Several developments converged in the late 20th
century to focus attention on changes in artery
function as a result of exercise in humans. First,
the studies described above, which established
that changes in vasodilator capacity occur fol-
lowing training, raised questions around the
mechanisms responsible. At the same time, dis-
covery of the obligatory role of the endothelium
as a regulator of vascular tone and blood pres-
sure, by virtue of the production of paracrine
hormones such as prostaglandins and nitric
oxide (NO), raised interest around the possible
impacts of exercise on endothelial regulation
(Moncada et al. 1976; Furchgott and Zawadzki
1980). Finally, it was established that change in
blood flow, and consequential endothelial shear
stress, was a potent physiological stimulus to the
production of paracrine hormones from the en-
dothelium and that the endothelium regulated
local arterial diameter and shear stress in re-
sponse to mechanotransduction (Pohl et al.
1986; Rubanyi et al. 1986).
The hypothesis that exercise training might
modify endothelial function in humanswas first
addressed in 1994 (Green et al. 1994). This was
followed by another study comparing the pre-
ferred and nonpreferred limbs of elite racquet
sportsmen (Green et al. 1996). These studies
combined forearm blood flow (FBF) measures
derived from plethysmography with intrabra-
chial infusions of NO agonists and antagonists.
Studies adopting this approach multiplied
through the subsequent decade (Fig. 2) (Green
et al. 2004), particularly in clinical populations
in whom it became apparent that improving
endothelial function was a clinical imperative.
We have previously summarized this literature
(Green et al. 2004; Thijssen et al. 2010), the
major outcomes being: (1) exercise training
consistently induces improvements in both
conduit and resistance artery NO-mediated
function, (2) improvements were most often
isolated to the endothelial cells, rather than
the underlying smooth muscle, (3) improve-
ments in functionwere generally more apparent
in subjects with impaired endothelial function
a priori, and (4) improvements in functionwere
sometimes, but not always, accompanied by
evidence for structural vascular enlargement.
Notable among these studies were findings
from Hambrecht et al. (2000), who reported in
vivo coronary vascular functional adaptations
in response to training. They also cleverly com-
Effects of Exercise on Vascular Function, Structure, and Health
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bined in vitro, in situ, and in vivo approaches in
a bench-to-bedside study of the impacts of
training on adaptation of the internal mamma-
ry artery (Fig. 3) (Hambrecht et al. 2003). This
study implicated shear stress–mediated chang-
es in NO synthase levels in endothelial cells as
the mechanism responsible for enhanced endo-
thelial function in response to training, in keep-
ing with animal studies that also convincingly
established a role for repeated episodic increases
in shear (Langille and O’Donnell 1986; Tronc
et al. 1996; Rudic et al. 1998; Tuttle et al. 2001).
Since endothelial cells and the production of
NO are key factors in the prevention of athero-
sclerosis, these studies were directly clinically
relevant to the impact of exercise on conduit
artery health in vivo. The important studies of
Hambrecht remain exemplars, but they did not
directly address the hypothesis that shear stress
was the mechanism responsible for exercise-
induced changes in vascular function.
Subsequent technical and software develop-
ment facilitated studies pertaining to the impact
of distinct forms of exercise on arterial blood
flow and shear stress in different vascular beds
in vivo. High-resolution duplex ultrasonogra-
phy, combined with the insight that increases
in blood flow (and hence shear stress) increased
arterial diameter (Anderson and Mark 1989;
Sinoway et al. 1989), led to the introduction of
the flow-mediated dilation (FMD) approach
for noninvasive assessment of conduit artery
function in humans (Celermajer et al. 1992).
Subsequent blockade studies established that
FMD was largely endothelium-dependent and
NO-mediated (Green et al. 2011), making the
FMD approach, when correctly applied (Thijs-
sen et al. 2011a), a useful research tool for as-
sessment of conduit artery function in humans.
Later development, whereby the diameter mea-
sures were combined with real-time simultane-
ous assessment of blood velocity, and hence
blood flow (Green et al. 2002b), further en-
hanced the utility of this approach as conduit
artery function could be gleaned from the
directly visualized diameter changes, whereas
changes in large artery (e.g., brachial, femoral)
blood flow could be used to replace the less
direct assessments of limb blood flow formally
derived using plethysmography (see above).
Hence, a single technique could provide infor-
mation reading conduit artery function (e.g.,
FMD) and structure (peak conduit vasodilator
responses) and resistance vessel structure (peak
blood flow responses) (Naylor et al. 2005).More
recent developments enabled the real-time and
continuous assessment of conduit artery shear
rate across the cardiac cycle, allowing both the
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Figure 2. Some examples of studies investigating the impacts of exercise training in humans, including studies
using plethysmography and intrabrachial infusion of agonists and antagonists of endothelial pathways (Maio-
rana et al. 2000) and conduit artery functional assessment using flow-mediated dilation (FMD) (Maiorana et al.
2001). FBF, Forearm blood flow.
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stimulus for diameter change and the magni-
tude of diameter response to be simultaneously
recorded (see Fig. 4) (Green et al. 2002b; Thijs-
sen et al. 2011a).
The literature relating changes in hemody-
namic stimuli and arterial adaptation was
recently summarized in Physiological Review
(Green et al. 2017). In brief, it is clear that ex-
ercise is a stimulus that modifies transmural
pressure, cyclic circumferential strain on the
artery wall, along with endothelial shear stress
(Fig. 1). These are stimuli that are detected in
the artery wall. Distinct forms of exercise (e.g.,
mode, intensity) can induce different patterns
of arterial pressure, blood flow, and shear stress
that are, in turn, associated with distinct forms
of vascular adaptation. The nature of adapta-
tion in different vascular territories, for exam-
ple, those involving skeletal muscle activation
versus those feeding inactivemuscle, is also con-
sequentially influenced by the specific pattern
of flow and pressure change induced by exercise.
Some of the studies performed in humans
establishing the role of shear stress in mediating
exercise training–induced vascular adaptation
involved direct manipulation of shear during
repeat bouts of exercise (Fig. 5). This was
achieved using partial inflation of a blood pres-
sure cuff on one arm, such that blood flow and
shear through that cuffed limb was “clamped”
at near resting levels, whereas blood flow
through a contralateral exercising limb was al-
lowed to increase (Tinken et al. 2010a). These
studies showed that conduit artery endothelial
function was enhanced in the exercised limb
in which blood flow substantially increased,
whereas no such functional adaptation was ap-
parent in the opposing limb, although it had
been exercised at identical levels. Such studies,
involving bilateral handgrip exercise performed
e
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Figure 4. High-resolution duplex ultrasound image of a brachial artery. Software enables continuous edge-
detection and wall tracking of the B mode image, whereas the velocity envelope is also automatically recorded
(live feedbackof tracking is seen as the yellow tracing). Simultaneous velocity and diametermeasures are recoded
and saved at30 Hz, and output generated (left). Output includes continuous diameter tracing, blood flow, and
shear rate (other variables are also available including velocity, pressure, etc.). These tracings illustrate a typical
flow-mediated dilation (FMD) response as a result of 5 min of limb ischemia. Note the large blood flow/shear
rate response to cuff deflation and the biphasic (increase and then decrease) response in diameter. FMD is
endothelium-dependent and largely nitric oxide (NO)-mediated (Green et al. 2011) and provides a surrogate
index of conduit artery function and health in humans (Thijssen et al. 2011a). Longer periods of cuff ischemia,
or cuff ischemia whereas performing exercise (e.g., ischemic handgrip), result in maximal diameter and blood
flow responses (Naylor et al. 2005) that provide valuable information regarding structural changes (e.g., lumenal
enlargement in response to exercise training) in resistance arteries downstream from the conduit arteries. See
text for further explanation.
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within subjects, eliminate the systemic effects of
exercise on the vasculature and strongly impli-
cate localized shear stress as an important me-
diator of exercise-induced vascular adaptation.
Later studies using a similar unilateral upper
limb cuff-clamp established that hemodynamic
changes induced by leg exercise could induce
adaptation in upper limb arteries and that this
was also abolished in the absence of changes in
blood flow and shear stress (Birk et al. 2012).
The final papers in this series tested the
concept that, if exercise-induced hemodynamic
0 2 4
Week
Leg heating
Bilateral foream heating
Bilateral handgrip
Cuffed arm
(~60 mmHg)
Uncuffed
armExperiment
40°C
30°C
42°C
Leg exercise
42°C
30°C
Fu
nc
tio
n
(F
MD
 %
Δ 
di
am
et
er
)
Fu
nc
tio
n
(F
MD
 %
Δ 
di
am
et
er
)
Stru
cture
(IHG %
Δ
 diam
eter)
6 8
0 2 4
Week
8
0 2 4 6
Week
8
0 2 4
Week
8
0 2 4
Week
86
0 2 4
Week
6 8
0 2
Week
Fu
nc
tio
n
(F
MD
 %
Δ 
di
am
et
er
)
Fu
nc
tio
n
(F
MD
 %
Δ 
di
am
et
er
)
Fu
nc
tio
n
(F
MD
 %
Δ 
di
am
et
er
)
Fu
nc
tio
n
(F
MD
 %
Δ 
di
am
et
er
)
Fu
nc
tio
n
(F
MD
 %
Δ 
di
am
et
er
)
Fu
nc
tio
n
(F
MD
 %
Δ 
di
am
et
er
)
Stru
cture
(IHG %
Δ
 diam
eter)
Stru
cture
(IHG %
Δ
 diam
eter)
Stru
cture
(IHG %
Δ
 diam
eter)
Stru
cture
(IHG %
Δ
 diam
eter)
Stru
cture
(IHG %
Δ
 diam
eter)
Stru
cture
(IHG %
Δ
 diam
eter)
Stru
cture
(IHG %
Δ
 diam
eter)
6 8 0 2
Week
6 8
Figure 5. Impact of manipulating blood flow and shear stress during exercise bouts on the magnitude of
functional and structural adaptation to exercise training in humans. These studies all adopted the use of a
cuff on one limb to unilaterally decrease shear stress responses to handgrip exercise, leg exercise, forearm heating
and leg heating. In all cases, an increase in shear stress was necessary for adaptations in arterial function and/or
structure to be expressed (see Green et al. 2017 for further details). Note the pattern of change in function that is
typically superseded by changes in structure, particularly in response to handgrip and leg exercise training.
FMD, Flow-mediated dilation; IHG, isometric handgrip.
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stimuli were an important mechanism driving
exercise-induced arterial adaptation, then a
stimulus that emulated exercise effects on vas-
cular hemodynamics should induce similar
adaptation, even if exercise was not performed
(Fig. 5). To this end, bilateral forearm heating
was used, with a cuff-clamp on one limb, to
induce similar increases in blood flow and shear
stress to the upper limbs as those observed dur-
ing exercise (Naylor et al. 2011; Carter et al.
2013). Repeated heating induced conduit artery
adaptation, consistent with that observed as
a consequence of exercise training, with no
adaptation, observed in the cuffed limb that
was not exposed to increases in blood flow or
shear stress. These findings reinforce the studies
described above, in that they prove a role for
hemodynamic stimuli in the functional and
structural changes that occur in arteries as a
result of exercise training.
EXERCISE TRAINING AND STRUCTURE–
FUNCTION INTERACTION
In the studies described above (Tinken et al.
2010b; Naylor et al. 2011; Birk et al. 2012; Carter
et al. 2014), and some earlier work (Laughlin
1995; Tinken et al. 2008), temporal relation-
ships between changes in arterial function and
structure were assessed (Fig. 5). The rationale
for assessment of the time-course of exercise
training–induced change was based on the in-
ference of Laughlin (1995), a decade earlier,
based on integrative analysis of animal studies
performed in his laboratory. He proposed that
functional adaptation in response to exercise
might precede structural remodeling. This pro-
posal has some mechanistic foundation, in that
chronic changes in the production of endothe-
lium-derived substances such as NO are known
to play a role in arterial remodeling (Tronc et al.
1996; Rudic et al. 1998; Tuttle et al. 2001).
Hence, initial up-regulation of arterial function
as a result of exercise bouts, including the re-
peated episodic release of local paracrine com-
pounds, might ultimately lead to up-regulation
of NO-synthase bioavailability (Cai and Harri-
son 2000), which modifies underlying wall
structure and induces outward remodeling. In
this way, the synergistic interaction between
function and structure normalizes local shear
stress as observed in animal preparations (Rod-
bard 1975; Hutcheson and Griffith 1992).
To test this notion in humans, studies were
designed in which indices of arterial function
(FMD) and structure (peak reactive hyperemic
diameter) were assessed every 2 weeks across the
8-week time-course of an exercise training pro-
gram (Fig. 5). Tinken et al. reported, in both
brachial and popliteal arteries, that a distinct
time-course of adaptation occurred, with initial
enhancements in function superseded by struc-
tural remodeling (Thijssen et al. 2008). Subse-
quent studies (Tinken et al. 2008; Naylor et al.
2011; Birk et al. 2012; Hunt et al. 2013; Carter
et al. 2014) have largely endorsed the notion
that changes in the regulation of arterial func-
tion occur rapidly, within perhaps three or four
sessions of exercise (Wang et al. 1993;McAllister
and Laughlin 1997). The consequent up-regu-
lation of functional pathways can contribute to
arterial remodeling, which, once expressed, al-
lows function to return toward baseline levels.
This interrelationship may act to homeostati-
cally regulate wall shear stress, as suggested in
some early experiments (Rodbard 1975; Lan-
gille and O’Donnell 1986; Tronc et al. 1996).
SOME THINGS WE DO NOT KNOWABOUT
EXERCISE TRAINING AND ARTERIAL
ADAPTATION
The sections above indicate that there is com-
pelling evidence that exercise training modifies
arterial function and structure in humans.
Whereas some of the exercise impact may be
ascribed to changes in traditional CV risk fac-
tors, it is now clear that repeated hemodynamic
stimulation as a result of episodic bouts of
exercise, and consequent changes in blood pres-
sure, tangential wall stress, and shear stress
contribute to arterial adaptation (Green et al.
2017). However, there are a number of impor-
tant physiological questions that remain unan-
swered requiring future animal and human
studies of the impacts of exercise training.
Many studies that have focused on vascular
functional adaptation have interrogated the NO
D.J. Green and K.J. Smith
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dilatorpathway.Less is knownregardingexercise
training–induced changes in prostaglandin-
mediated vascular function (Hellsten et al.
2012), which is surprising given that its discov-
ery predated that of NO and there are blockers
available. Likewise, studies on endothelin and
angiotensin-mediated vasoconstriction and ex-
ercise training are scant and the impacts of train-
ing are not particularly well described (Maeda
et al. 2001;Adamsetal. 2005;Thijssen et al. 2007;
VanGuilder et al. 2007;Nyberg et al. 2014). Also,
recent evidence relating to the impacts of ische-
mic preconditioning raise the intriguing pros-
pect that biologically active agents derived from
working skeletal muscle may have effects on the
remote vascular territories (Thijssen et al. 2016).
The impact of exercise training on sympa-
thetic regulation of vascular function has not
been definitively established. On the one hand,
it is clear that exercise alters autonomic balance
in favor of parasympathetic, over sympathetic,
function (Pagkalos et al. 2008; Mueller 2010;
Munk et al. 2010), perhaps suggesting that
decreased vasoconstrictor tone may contribute
to training-mediated changes in vascular regu-
lation. On the other hand, some evidence
suggests that training may increase resting sym-
pathetic vasoconstrictor tone (Alvarez et al.
2005; Sugawara et al. 2007), whereas other evi-
dence suggests that resting and exercise control
of sympathetic nerve traffic differs after training
(Ray 1999). It is tempting to speculate that the
increases in arterial vasodilator function and
capacity induced by training may be compen-
sated, at rest, by increased sympathetic tone,
such that resting blood flow or arterial diameter
remain unaltered. This proposal requires fur-
ther investigation and the situation may be dif-
ferent in healthy subjects and those with elevat-
ed sympathetic drive a priori (Roveda et al.
2003; Carter and Ray 2015). It is also now clear
that important differences in autonomic func-
tion may result from differences in receptor
density and function that exist between men
and women of different ages (Green et al.
2015; Joyner et al. 2015).
The impact of oxidative stress and inflam-
mation on exercise training–induced vascular
regulation is also unclear. While interactions
between NO and oxidative and inflammatory
species (e.g., superoxide anion) have been un-
derstood for many years (Harrison et al. 2006),
the fact that exercise may induce acute increases
in these species has not been reconciled with the
beneficial impacts of exercise on endothelial
function. It is also apparent that some specific
forms of shear stress and pressure can have
proatherosclerotic impacts, at least acutely and
in vitro (Harrison et al. 2006). Certainly, some
well-performed studies indicate that exercise at
higher intensities produces less NO-mediated
functional adaptation than exercise performed
at moderate levels (Goto et al. 2003), but other
evidence suggests higher intensity exercise may
produce favorable benefits (Ramos et al. 2015).
Not enough is known about the specific balance
between beneficial and detrimental impacts of
oxidative and inflammatory stress following
exercise training.
The nature of the interaction between arte-
rial endothelial function and biophysical char-
acteristics of arteries, such as arterial stiffness
and pulse wave velocity (PWV), is also poorly
characterized. Like FMD (Inaba et al. 2010;
Green et al. 2011; Ras et al. 2013), PWV is a
strong prognostic index (Ben-Shlomo et al.
2014), but the relative impact of different types
of training in different regions of the vasculature
(e.g., central vs. peripheral PWV) and the rela-
tionship between these measures and the func-
tional and structural adaptation of arteries
described above require further elucidation
(Ashor et al. 2014).
SUMMARY
Exercise training improves vascular function,
including the production and bioavailability
of endothelium-derived substances such as
nitric oxide, which are antiatherogenic. There
is also convincing evidence for effects on arterial
structure, including outward remodeling that
increases arterial caliber and modifies wall-to-
lumen ratios. These impacts are mediated in
large part by the direct effects of exercise on
the vessel wall by virtue of repeated hemody-
namic stimulation that occurs during each
bout of exercise. Combined with the beneficial
Effects of Exercise on Vascular Function, Structure, and Health
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effects of exercise on traditional CV risk factors,
these direct hemodynamic impacts of exercise
on the vasculature play an important role in the
prevention of CV diseases in humans.
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